Edinburgh 2011/14 



Warming up brane-antibrane inflation 



O 

(N 
-i— > 
O 

O 

(N 



Or 

> 

in 
o 



X 



Mar Bastcro-Gil/'B Arjun Berera, 2 'Q and Joao G. Rosa 2 '@ 

1 Departamento de Fisica Teorica y del Cosmos, Universidad de Granada, Granada- 18 071, Spam 
2 SUPA, School of Physics and Astronomy, University of Edinburgh, Edinburgh, EH9 3JZ, United Kingdom 

(Dated: January 18, 2013) 

We show that, in constructions with additional intersecting D-branes, brane-antibrane inflation 
may naturally occur in a warm regime, such that strong dissipative effects damp the inflaton's 
motion, greatly alleviating the associated 77-problem. We illustrate this for D3-D3 inflation in flat 
space with additional flavor D7-branes, where for a Coulomb-like or quadratic hybrid potential a 
sufficient number of e- folds may be obtained for perturbative couplings and O(10 — 10 4 ) branes. This 
is in clear contrast with the corresponding cold scenarios, thus setting the stage for more realistic 
constructions within fully stabilized compactifications. Such models generically predict a negligible 
amount of tensor perturbations and non-Gaussianity /jvl ~ O(10). 

PACS numbers: ll.25.Yb, 98.80.Cq 



I. INTRODUCTION 

While extremely successful as a phenomenological 
model, cosmological inflation [l| still lacks a microphysi- 
cal description within a fundamental theory of quantum 
gravity, a crucial feature given its large sensitivity to 
physical effects close to the Planck scale. 

This has motivated the search for inflaton candidates 
amongst the plethora of scalar fields present in string 
theory compactifications (see e.g. 0). Brane-antibrane 
inflation is one of the most attractive scenarios in 

this context, given the geometrical origin of the infla- 
ton as the interbrane separation and the possibility of 
computing its potential for a broad class of background 
spacetimes. 

Inflation, however, does not seem to be generic in these 
systems. In flat space, for example, the interbrane sepa- 
ration required for achieving a sufficient number of e- folds 
exceeds the average size of the compact space 0. In 
more realistic scenarios, brane interactions are consider- 
ably weakened by the strong warping produced by fluxes 
and other nonperturbative effects required to stabilize 
the extra-dimensional moduli [5|, [6|. However, this typ- 
ically leads to Hubble scale inflaton masses, a symptom 
of the generic 77-problem in supergravity models with F- 
term SUSY breaking. The inflaton potential receives nev- 
ertheless a variety of additional contributions from SUSY 
breaking effects in the overall compactification that may 
cancel this large mass and improve its flatness, although 
typically at the expense of some fine-tuning [7| ■ 

Warm inflation scenarios are generically free of the 77- 
problem [1,0, with significant dissipative effects slowing 
down the inflaton's motion and leading to the produc- 
tion of radiation during inflation, in many cases avoid- 
ing the need to reheat the system Q. Dissipation may 
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be achieved in a two-stage mechanism, with the inflaton 
coupling to heavy fields that in turn decay into light de- 
grees of freedom, sustaining a nearly-thermal radiation 
bath at temperature T > H . This dissipation damps the 
inflaton's motion without spoiling the flatness of the po- 
tential through neither radiative nor thermal corrections 
if SUSY is softly broken and the temperature lies below 
the heavy mass threshold, with a sufficient number of e- 
folds requiring only moderately large multiplicities (Toj . 

In this work, we show that warm inflation scenarios 
can be easily implemented in more realistic DD-brane 
constructions with additional branes of different dimen- 
sionality intersecting both the brane and the antibranc 
stacks. This introduces light matter at the intersections 
that may be copiously produced during inflation, damp- 
ing the D-brane motion, through interactions which are 
mediated by heavy strings stretching between the brane 
and antibrane stacks, naturally implementing the two- 
stage dissipation mechanism. We illustrate this for a D3- 
D3 system with additional D7-branes, which has been 
extensively studied in the context of the AdS/CFT cor- 
respondence (see e.g. [HI). A particular feature of these 
systems is the large field multiplicity that may be present 
during inflation, as brane-antibrane annihilation will nat- 
urally reduce the degrees of freedom to, for example, 
those found in the MSSM or its grand unified theory 
(GUT) extensions. 

Although we restrict our analysis to flat space, where 
dissipation effects can be easily computed, we consider 
the potentials for which the 77-problem is more severe, 
with additional effects typically flattening the potential, 
thus showing that warm inflation gives a robust solution 
to the 77-problem in brane-antibrane inflationary scenar- 
ios. Furthermore, this constitutes the first explicit im- 
plementation of warm inflation in the context of a UV- 
complete theory [l2|, HH . 

This article is organized as follows. In the next section, 
we describe the basic dynamical mechanisms leading to 
warm inflation scenarios, outlining the main features of 
the two-stage dissipation mechanism. In Sec. Ill, we de- 
scribe the inflationary dynamics in D3-D3 systems, in 
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particular discussing the effects of additional D7-branes. 
We describe the associated field content and interactions 
in Sec. IV, where the corresponding dissipative coefficient 
is also computed. In Sec. V we present our main results 
for warm brane-antibrane inflation in flat space. Finally, 
in Sec. VI, we discuss possible extensions to more realis- 
tic constructions and summarize the main conclusions of 
this work. 



II. WARM INFLATION DYNAMICS 

Warm inflation scenarios [|| revisit an old proposal by 
L. Z. Fang [14] that particle production may have signif- 
icant effects in inflationary expansion. As later proposed 
by Moss [IH and Yokoyama and Maeda [l6[ , this may be 
effectively implemented by introducing a friction term in 
the classical evolution of the inflaton field, <fi: 



3H<f> + V (j> = -T<f> 



(1) 



where H denotes the Hubble parameter and V$ the first 
derivative of the inflationary potential with respect to 
the inflaton field. Encoding the interactions between the 
inflaton and light particles that may be produced and 
subsequently thermalized, such term acts as a source of 
radiation production: 



p R + AH PR = Tcj) 2 



(2) 



While inflation may only occur when radiation gives a 
subdominant contribution to the energy balance of the 
Universe, i.e. pr <C p^, its effects on the inflationary dy- 
namics may be significant when p|/ 4 > H , which roughly 
translates into T > H, assuming that thcrmalization oc- 
curs. In conventional or supercooled scenarios, interac- 
tions are assumed to be sufficiently feeble so that the 
friction term only becomes significant after slow-roll infla- 
tion, as the inflaton field starts to oscillate quickly about 
the minimum of its potential, with particle production 
reheating the Universe and providing a rapid transition 
to a radiation-dominated era. In warm inflationary sce- 
narios, on the other hand, such a term may concur with 
Hubble friction to permit slow-roll solutions and allow 
for a smooth transition to a radiation-dominated phase, 
offering solutions to both the rj- and the graceful exit 
problems. In particular, in the slow- roll regime Q, 



3H(l 



Apr ~ 3Qcb 2 



(3) 



where Q = T/ (3H ) , leading to the slow- roll conditions 
171: 



60, /3 T < 1 + Q , 



(4) 



where besides the conventional slow-roll parameters, one 
introduces /?t = m 2 P (T ^Vq/TV) to account for the field 
dependence of the dissipative coefficient. Strong dissi- 
pation may then allow for a sufficiently large period of 



accelerated expansion with potentials that would other- 
wise be too steep. One must also ensure that radiation is 
produced at a rate that compensates for the inflationary 
redshift 



dlnT 



d\nT 



<4, 



(5) 



and also that thermal effects do not induce a large infla- 
ton mass, which translates into the condition: 



S = 



TV-, 



T4> 



u, 



< 1 



(6) 



In [18[ , Berera and Fang further suggested that the dy- 
namics of the inflaton should be governed by a Langevin 
equation including not only the dissipative term but also 
a noise force term that would drive inflaton fluctuations, 
specified uniquely by a fluctuation-dissipation theorem. 
The primordial spectrum seeding the large scale structure 
of the observed Universe is then dominated by thermal 
rather than vacuum fluctuations of the inflaton field, due 
to the interplay with the thermal bath at T > H, giving 

MM 



p. 



1/2 



n 



(m 2 



'(l + Q) 5 / 4 ~5x lQ- 5 ,(7) 



where all quantities are evaluated at horizon crossing. 

The microscopical basis for warm inflation has been 
the focus of many studies in the literature, being first 
examined by Berera, Gleiser and Ramos [21| . which set 
the adiabatic approach to dissipation within quantum 
field theory that has been used in all subsequent studies. 
Most models initially proposed considered all fields to be 
in a high-temperature phase, which raised some concerns 
on the models' possible realizations within quantum field 
theory in pll | and by Yokoyama and Linde (22j |. namely 
due to thermal effects spoiling the required flatness of the 
inflaton potential. 

Successful models have, however, been constructed 
based on the two-stage dissipation mechanism proposed 
by Berera and Ramos [10j, in which the inflaton is cou- 
pled to heavy mediator bosonic and fermionic fields, 
much heavier than the temperature of the Universe dur- 
ing inflation, which could in turn decay into light de- 
grees of freedom. The production of the heavy parti- 
cles is thus Boltzmann-suppressed, so that the particles 
are effectively in a zero-temperature state. In supersym- 
metric models, the leading quantum corrections will then 
cancel and hence maintain the flatness of the classical in- 
flaton potential. Supersymmetry is, however, ineffective 
in cancelling time nonlocal processes, thereby allowing 
for strong dissipative effects while suppressing dangerous 
radiative and thermal corrections. A generic superpoten- 
tial realizing this two-stage mechanism is given by @ 



W = g<PX 2 + hXY 2 , 



(8) 



where the inflaton corresponds to the scalar component of 
the superfield $, while the heavy mediators and the light 
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radiation degrees of freedom are encoded in the bosonic 
and fermionic components of the superfields X and Y, re- 
spectively. The first term in Eq. (jHJ then leads to scalar 
masses m\ — 2g 2 <fi 2 , discarding the mass shifts induced 
by soft SUSY breaking during inflation, and couples the 
inflaton fluctuations to the heavy mediators. The cross 
term in \Fx | 2 then allows for the decay of the heavy fields 
into the light degrees of freedom. Note that this precludes 
a direct decay of the inflaton into the light fields, which 
is crucial in keeping radiative corrections under control. 
Thermal corrections in this setup were computed in [23| 
and shown to give subleading contributions to the infla- 
ton potential. The interactions arising from this type 
of superpotential yield, in the low-temperature regime 
T < TOjf/10, a leading dissipative coefficient of the form 
T = C^T 3 /(f> 2 , with the constant parameter enhanced 
by the multiplicity of the heavy mediators and number 
of available decay channels, ~ 0.16/i 4 A/xA/"| ecay |24j . 



III. BRANE-ANTIBRANE INFLATION 

The simplest example of brane-antibrane inflation in 
type IIB string theory corresponds to two stacks of N c 
D3-branes and N c D3-branes spanning the noncompact 
directions 0123 and separated by a distance r in a six- 
dimensional flat torus of volume Ve — L e . At large dis- 
tances, the two stacks interact mainly via the exchange of 
bulk massless modes, yielding a Coulomb-like potential 
that can be computed e.g. by treating the antibrane stack 
as a probe of the geometry produced by the D3-branes at 
the origin of the compact space, giving to leading order: 



V{cj>) = V 



1 



7n 



with n 



-4 and 



V 



g 3 s N c {2irl 



-in 



12 



ip , 



mp 



7-4 



(9) 



N C N C Vq , s 

H^dr . (io) 



where g a < 1 is the string coupling, l s is the fundamental 
string length, mp is the reduced Planck mass and <f> — 
y/T 3 N c r is the inflaton field, with T^ = (.g^Tr) 3 / 4 )" 1 
denoting the D3-brane tension. The D3-branes' backre- 
action may be neglected if N c <C N c for slowly moving 
branes [25|], while the supergravity approximation holds 
for weak curvatures, r 3> R, with the near-horizon cur- 
vature scale R/l s = (47ro s A^.) 1 / 4 > 1 in the regime of 
interest to our discussion |26| . 

This potential is characterized by a slow-roll parameter 



V 



10 



> 1 



(11) 



so that a sufficient number of e-folds cannot be obtained 
in a supercooled scenario, given that r < L/2 in a com- 
pact space. Furthermore, the D3-brane's motion is con- 
formally coupled @, yielding a mass term H 2 cj) 2 that may 



dominate over the Coulomb term. This leads to a hybrid 
potential with n — 2 and 72 = tj = 2/3, also precluding 
a large number of e-folds in a particular manifestation of 
the generic supergravity 77-problcm. 

As described in the previous section, successful realiza- 
tions of warm inflation that could overcome the steepness 
of the inflaton potential require the existence of heavy 
mediatiors that catalyze the dissipative processes. This 
simple setup in fact includes heavy states coupled to the 
inflaton field, corresponding to massive strings stretched 
between the D3- and D3-brane stacks and the mass of 
which is proportional to the interbrane distance. There 
are, however, no light matter particles into which these 
states may decay, being the lightest states charged under 
the gauge group of both branes. 

The existence of such light states is nevertheless re- 
quired if one aims to incorporate the Standard Model 
or any of its extensions in the D3-branes that survive 
annihilation, once the brane-antibrane tachyonic insta- 
bility [27j ends inflation in a hybridlike fashion Q ■ This 
can be implemented, for example, by placing the stack of 
D3-branes at orbifold singularities and/or b y in cluding 
additional branes of different dimensionality [28] . 

A simple extension of the D3-D3 inflationary scenario 
is given by the inclusion of Nf D7-branes wrapping 
e.g. the 4567 compact directions, which introduces light 
matter particles corresponding to open strings attached 
to the latter and to each of the two D3-stacks. Before 
analyzing the field content and interactions in this ex- 
tended setup and how these may lead to realizations of 
warm inflation, one should first examine how the inflaton 
trajectory is modified in this setup. 

D7-branes source the type IIB axio-dilaton field, so 
that one expects them to modify the constant dilaton 
profile of the D3-brane geometry. In fact, supergrav- 
ity solutions combining D3- and D7-branes have been 
shown to exhibit a logarithmic dilaton profile near the 
D7-branes' horizon, yielding a local string coupling p9l |: 



g{p) = 9 s 



{p-df 
d 2 



-1 -1 



(12) 



where p denotes the radial direction in the plane trans- 
verse to the D7-branes, with the D3-branes located at 
p = 0, with g(0) = g s , and the D7-branes at p = d, 
where the coupling vanishes. This modifies the potential 
energy of a mobile D3-brane probing this geometry. In 
particular, as the brane tension is inversely proportional 
to the local string coupling, when placed randomly in the 
compact dimensions it will quickly move towards the ori- 
gin along the p direction in order to minimize its energy. 

The presence of the D7-branes thus selects a particu- 
lar inflationary trajectory with both D3- and D3-brane 
stacks separated along the D7-branes' worldvolume at a 
distance d from the latter. The potential is nevertheless 
given by Eq. ([5]), with the inflaton field now correspond- 
ing to the interbrane separation r along the compact di- 
rections wrapped by the D7-branes. 
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IV. TWO-STAGE DISSIPATION WITH 
D-BRANES 

Let us first consider a setup with two concident D3- 
branes and Nf D7-brancs. This yields an Af = 2 world- 
volume theory, described by a U(2) Af = 4 vector multi- 
plet and an Af = 2 hypermultiplet. In Af = 1 language, 
these include adjoint chiral multiplets $i, i = 1,2, 3, and 
Nf (anti) fundamental chiral supcrhclds Q, Q correspond- 
ing to oriented open strings at the D3-D7 intersections, 
with a superpotential [Tll j 

W = y2gy A /Tr$i [$ 2 , $3] + V^gvAiQ^sQ , (13) 

where $1.2,3 correspond to the (45), (67) and (89) co- 
ordinates, respectively, and g YM = 2irg s [3(|. Notice 
that, in particular, the scalar vacuum expectation value 
of $3 determines the D3-D7 separation, which justifies 
its coupling to the (anti)fundamental superfields. The 
gauge coupling on the D7-branes is suppressed by the 
volume of the compact cycle wrapped by the branes, so 
that D7-D7 strings will be irrelevant to our discussion. 
When the D3-branes, denoted by A and B, are separated 
along the compact directions, i.e. by turning on a scalar 
vacuum expectation value for a linear combination of the 
$i fields, the gauge theory is broken to U{1)a x U(1)b, 
under which the superfields may be decomposed as 



Q 



y a 

Y B 



, Q 



yA 
Y B 



(14) 



strings also describe the massive vector bosons of the 
broken gauge symmetry, which acquire an equal mass 
by incorporating the linear combination of the X\ and 
X\ scalar components that corresponds to longitudinal 
excitations of the open strings. The orthogonal linear 
combination also obtains a mass mx from D-terms in the 
scalar potential, completing the massive vector multiplet 
resulting from the supersymmetric Higgs mechanism. 

Notice that an inflationary scenario requires one of the 
D3-branes to be replaced with an antibrane so that super- 
symmetry is softly broken, which translates into shifting 
the Xi and Xi scalar masses in opposite directions, while 
keeping the corresponding fermion masses unchanged, 
with StrA/ 2 = [3l|. This shift is negligible for large 
brane separations and only becomes significant at the 
end of inflation as r ~ l s . 

It is thus clear that the interactions in Eq. (ITBl yield 
the two-stage dissipation mechanism described in Sec. II, 
such that the inflaton is coupled to the heavy X2 and Xi 
fields, which may in turn decay into the Y and Y D3/D7 
states. The latter couple to the $ 3 ' fields but not to the 
inflaton, and remain light for d <C r. Field multiplicities 
are enhanced in the non-Abelian case, with Afx = 2N C N C 
and Al decay — Nf, thus allowing for strong dissipative 
effects. Notice that, even in the non-Abelian case, the 
inflaton direction does not have any self-interactions and 
only appears linearly in the superpotential, similarly to 
the GUT-inflation scenario of |32j |. 

The associated dissipation coefficient in the low- 
temperature regime, T < mx/10, is given by 24 1 



j4 B 

In this notation, the superfields ' correspond to the 
positions of each D3-brane in the compact space, while 
Xi and Xi correspond to both longitudinal and trans- 
verse excitations of the bifundamental strings stretched 
between the two branes, with both orientations. Simi- 
larly, the Y A B and Y A B superfields correspond to ori- 
ented open strings in the D3 AB ~ D7 sectors, trans- 
forming in (anti) fundamental representations of the cor- 
responding £7(1) gauge group. With this decomposition, 
the superpotential Eq. (|13[) can be written as: 



W = V2, 



9YM 



e i3k §f B X 3 X k + Y A X 3 Y B + Y B X 3 Y A 



+ Y A $ A Y A + Y B $ B Y B 



(15) 



where <& AB = <&f — $f . For the particular inflation- 
ary trajectory described in the previous section, one may 
choose w.l.o.g. (j) — V / 2(|$i 1 ' B )| 7^ 0, such that the rele- 
vant terms in the superpotential Eq. (p~5|) are 

W = V2g YM [®? B X 2 X 3 + Y B X 3 Y A + ...], (16) 

and similarly for A3. The F-term scalar potential then 
yields mx = Qym4> ~ r /(2 7r ^) f° r the A 2j 3 and Xi 3 
scalar states, which as expected corresponds to the mass 
of open strings stretched between the D3-branes. These 



C ~ 131.4 a YM N c N c N 2 f 



(17) 



Notice that in this computation one may neglect the 
background curvature for r 3> R, given the large 
mass of the mediator fields during inflation, mxR = 
(r j R)(R/2ttI s ) 2 ^> 1. Also, higher-loop contributions, 
which can enhance dissipation, are suppressed by pow- 
ers of (T/mx) 2 , despite the moderately large 't Hooft 
coupling, g s N c > 1, required for strong dissipation. Al- 
though this precludes a perturbative treatment of the 
radiation fluid in both the D3 and D3 sectors, we expect 
interactions to be strong enough to sustain the required 
near-thermal equilibrium at T > H. 



V. RESULTS 

With the results of the previous sections, we may now 
analyze the dynamics of warm inflation in the D3/D7- 
brane construction. In the slow-roll approximation, the 
evolution equations for a potential of the form Eq. ([9]) 
are given by 



din <p 

dlnQ 

dN e 



7n In -2 



l + Q 



7 " <r- 2 (14-6n + 5 7 „0") , (18) 



1 + 7Q 



where <j> = <fi/mp and N e is the number of e- folds 
@. We have solved these equations assuming either 
the Coulomb-like or the conformal mass term as dom- 
inant interactions in order to determine the number of 
branes and couplings required for warm inflation with 
H < T < mx/10 and a subdominant radiation compo- 
nent, pji < Vq. The interbrane distance is restricted to 
l s < r < L/2 and we take r ~ L/2 at horizon crossing. 
The compactification size L is determined by the ampli- 
tude of the primordial spectrum, given by Eq. ([7]). Also, 
the number of relativistic degrees of freedom produced 
by dissipative effects is given by 



■N c )N f 



(19) 



Our results are summarized in Figs. 1 and 2, showing 
the regions of the plane (N C ,N C ), with N c > N c , allow- 
ing for N e = 50 e-folds of warm inflation for different 
values of Oym- I n Fig. 1, we take the maximum num- 
ber of D7-branes for which a full supergravity solution 
is known to exist, Nf = 12 [2j|, while in Fig. 2 we take 
Nf = 100 to illustrate the effect of increasing the number 
of light fundamental flavors. Notice that a large number 
of fundamental fields lighter than the temperature dur- 
ing warm inflation may be compatible with low-energy 
phenomenology if the latter lies above the TeV scale. 

For n — — 4, the fast increase of Q may lead to a prema- 
ture radiation-dominated era, so that we exclude regions 
where pn > Vo for N e < 50. For n — 2, on the other 
hand, the milder growth of dissipative effects, generic for 
smaller |n|, makes radiation redshift towards the onset of 
the tachyon instability, so that the condition r > l s for 
50 e-folds determines the allowed regions in this case. 

As shown in Fig. Q] successful warm inflation with a 
Coulomb-like potential can be obtained with O(10 3 — 10 4 ) 
D3-branes, whereas for the quadratic potential 0(100) 
branes are sufficient, given that the associated 77-problem 
is significantly less severe in this case. As expected, 
for larger gauge couplings the minimum number of D3- 
branes decreases and, in the perturbative limit g s = 
2a Y M ~ 1, we may have N c < 75 (2700) for n = 2 
(—4). As illustrated in Fig. 2, increasing the number of 
D7-branes allows for warm inflation with a significantly 
smaller number of D3-branes and antibranes, in particu- 
lar, with Nf = 100 and g s = Iolym ~ 1 we can have 50 
e-folds of inflation with N c ~ 10 (350) for n = 2 (-4). 

Our results are quite insensitive to N c , as the D3- 
branes set the scale of inflation, so that we may have 
N c 3> N c within the probe brane approximation. Also, 
if some other mechanism determines the amplitude of 
primordial fluctuations, the quadratic (Coulomb) poten- 
tial leads to a period of warm inflation with T > H for 
N c , N c > 11 (24) for a YM = 0.5 and Nf = 12. 

For the allowed regions of Figs. 1 and 2, the scale of 
inflation lies in the range 10 13 - 10 14 GeV. Given the 
enhancement of thermal fluctuations for stronger dissi- 
pative effects, the primordial spectrum implies a lower 
inflationary scale for larger numbers of branes and cou- 
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FIG. 1: Results for iVe = 50 with the n = -4 (top) and n = 2 
(bottom) hybrid potentials, with Nf — 12 light fields. In the 
colored regions there are no solutions for oym below the given 
value. The associated value of ay m is specified in each line 
of constant ns- 



plings. This corresponds to radiation temperatures be- 
tween 10 10 — 10 13 GeV and relatively large compact 
spaces, with L/l s ~ 100 — 300. The conformal mass term 
yields lower temperatures, due to the smaller dissipation 
at horizon crossing, although generically Q* > 1. 

In Figs. 1 and 2 we also plot in each case the lines of 
constant spectral index, which for a hybridlike potential 
of the form Eq. © is given by 0] 



n s 



1 = 



37„(n-7) 
7Q» 



V mp / 



< 1 
> 1 



(20) 



The primordial spectrum is thus always blue-tilted for 
n < 7, although deviations from scale invariance are sup- 
pressed for strong dissipation, i.e. a larger number of 



D-branes and/or couplings, as ns — 1 oc 



While 



present observational data favors a red-tilted spectrum 
assuming a simple power law, an analysis including ten- 
sor modes and a running spectral index suggests a blue- 
tilt and a large negative running [33| . which is in fact 
a feature of the quadratic hybrid potential, although a 
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subdominant during inflation and r 3> rjj. For the 
n = —4 case, one may have r# > R depending on the ra- 
tio between the numbers of D7- and D3-branes, in which 
case these corrections may become significant towards the 
end of inflation, with the temperature approaching the 
Hagedorn limit. One should also notice that the leading 
quantum corrections are already included in the potential 
Eq. (JH|) , as the string annulus diagram can be interpreted 
both as a tree-level closed string exchange or a one-loop 
open string process. Although it would be interesting 
to study these corrections in further detail, they do not 
modify our main results. 



VI. SUMMARY AND FUTURE CHALLENGES 
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FIG. 2: Results for N e = 50 with the n = -4 (top) and n = 2 
(bottom) hybrid potentials, with Nf = 100 light fields. In 
the colored regions there are no solutions for cxym below the 
given value. The associated value of ccym is specified in each 
line of constant ns- 

positive running is obtained for n — —4. As generic in 
warm inflation models, tensor perturbations are negligi- 
ble, while a large non-Gaussianity with Jml ~ 0(10) is 
obtained 34] , within the detectable range of Planck [35[ . 

Notice that, close to the limits of the allowed regions, 
we find r ~ R > l s near the end of inflation for n = —4, 
with r ~ l s for n — 2 as mentioned earlier, introducing 
string theory corrections to the supergravity potential 
during the last few e-folds that may be significant. Also, 
the finite temperature of the light fields translates into a 
black hole horizon in the D3-brane geometry at [3(| 

r H = ttR 2 T = Rk~* (^j 4 , (21) 

where 

-KM)- 

This implies that finite temperature corrections are neg- 
ligible for the quadratic potential, as radiation remains 



In this work, we have analyzed the dynamics of warm 
inflation models in the context of brane-antibrane scenar- 
ios. We have shown that a two-stage dissipative mech- 
anism arises naturally in constructions including addi- 
tional D-branes, a necessary feature of D-brane realiza- 
tions of the standard model. 

In particular, we considered a system where the in- 
flating D3-D3 stacks move parallel to the worldvolume 
of a D7-brane stack, such that their motion is damped 
by dissipative effects arising from the production of light 
string states in the D3-D7 and D3-D7 sectors, mediated 
by heavy D3-D3 strings. The latter are the only states 
coupling directly to the inflaton field, thus keeping both 
radiative and thermal corrections under control for tem- 
peratures below the heavy mass threshold. 

Our analysis shows that successful realizations of warm 
inflation can be obtained with perturbative couplings and 
O(10 — 10 4 ) D3-branes, depending on the potential and 
number of light flavors, leading to a sufficiently long 
period of accelerated expansion even for the steep po- 
tentials dominating brane-antibrane interactions in flat 
space. Furthermore, such scenarios generically predict 
interesting observational signatures such as detectable 
non-Gaussianity and a negligible tensor-to-scalar ratio. 

Vacuum stabilized warped throats generically yield 
more complicated potentials than those analyzed in this 
work, with a lower inflationary scale. However, in a 
warped background, the brane Coulomb-like interactions 
are significantly weakened and, moreover, the effects 
of compactification generically introduce repulsive terms 
— a&(4>/mp) A Q that may alleviate the ^-problem by 
generating an inflection point in the potential, although 
the associated geometrical parameters need to be finely 
tuned. This fine-tuning can then be ameliorated in warm 
inflation scenarios, as dissipation allows for steeper po- 
tentials. Note that repulsive terms also shift the spec- 
tral index towards red-tilted values, in particular bring- 
ing the values shown in Figs. 1 and 2 closer to scale in- 
variance, and also increase the growth of dissipative ef- 
fects for A > 7/3, according to Eq. ([T5]) . Even for a flat 
torus, the D3-brane "images" yield a leading repulsive 
quadratic "jellium" term [36|, which reduces the confor- 
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mal value of 72, while higher-order corrections lead to 
more interesting brane trajectories [37J, namely at dis- 
tances r ~ L/2 as considered earlier. We have, thus, 
analyzed worst case scenarios and the required number 
of branes and couplings can be significantly reduced with 
the inclusion of additional effects. 

Our independent analysis of two generic contributions 
to the interbrane potential, involving both positive and 
negative powers of the inflaton field, also illustrates how 
the number of branes required for successful warm in- 
flation varies significantly with the steepness of the po- 
tential, also determining whether radiation will come to 
dominate the energy density before brane-antibrane pairs 
annihilate. In particular, the mechanism described in 
this work can be easily generalized to scenarios with D- 
branes of different dimensionality, where the associated 
Coulomb-like brane-antibrane potentials are generically 
flatter than for D3-D3 pairs such that successful warm 
inflation may be obtained with a significantly smaller 
brane multiplicity. Also, our analysis focused on the ef- 
fects of fundamental matter fields, whereas including ad- 
joint fields could provide a better estimate of dissipative 
effects in these constructions, although this lies outside 
the scope of this work. 

On considering possible realizations of warm inflation 
in realistic string compactifications, one should check 
that finite temperature effects during inflation do not 
destabilize the moduli fields. As shown in (38[, this may 
occur if thermal contributions to the moduli potential ex- 
ceed the barrier, Vf,, separating the stabilized local min- 
imum from the decompactification limit, defining a crit- 
ical temperature T c ~ V^ 4 - However, one must also 
require that the vacuum energy during inflation does not 
overcome this barrier, so that generically T c ^> H and 
warm inflation scenarios are possible within stabilized 
compactifications. It is also possible for other moduli 
fields to mediate additional dissipative effects if they cou- 
ple to both the inflaton and light degrees of freedom and 
remain heavy during inflation, m mo d > T. These effects 
will necessarily enhance the contribution of open string 
states computed in this work, thus further relaxing the 
77-problem. 

Although the D3/D7-brane setup is phenomenologi- 
cally unrealistic, we expect its main qualitative features 
to be present in scenarios where chiral matter is obtained, 
for example, by placing D3-branes at singularities near 
the bottom of a warped throat |28l| , where D7-branes may 
also be embedded (see e.g. [Tl|] ) . Notice that this may 
yield larger Yukawa couplings in Eq. (|T5l) . depending 



on the local geometry probed by the D3-branes, possibly 
leading to stronger dissipative effects with fewer branes. 

In such scenarios, the MSSM or its GUT extensions 
may be implemented in the D3-branes surviving annihila- 
tion [3^|, which typically requires N c — N c ~ O(10), with 
N c , N c ~ 0(10—100) being natural, thus favoring realiza- 
tions with a dominant quadratic potential, although cos- 
mological models with a larger number of branes in the 
early Universe have been considered in the literature (see 
e.g. [13, mi). A moderately large number of fundamental 
flavors Nf may also be phenomenologically consistent if 
their masses lie above the current experimentally acces- 
sible energy scales but still behave as relativistic matter 
during warm inflation. Although we have, for simplic- 
ity, considered single stacks of coincident branes and an- 
tibranes, this is an unnecessary fine-tuning of the initial 
D-brane configuration. One could alternatively envisage 
multistage scenarios with a few smaller D3-D3 stacks 
yielding smaller dissipative effects, such that each pair 
provides only a fraction of the total number of e-folds. 
This would, for example, relax the need for O(10 3 — 10 4 ) 
coincident D3-branes with a dominant Coulomb-like po- 
tential, although a smaller number of branes is neverthe- 
less expected in more realistic scenarios. 

As some amount of radiation is produced during infla- 
tion, warm scenarios may avoid the need for an efficient 
reheating through tachyon condensation, which may also 
be delayed by finite temperature effects 42]. Further- 
more, the dissipative X fields that become tachyonic at 
the end of inflation are naturally coupled to radiation 
and one expects a significant fraction of the inflaton's en- 
ergy density to be transferred into the surviving branes, 
so that the reheating temperature is not necessarily the 
same as the temperature during warm inflation. 

Our analysis shows that dissipative effects are a natu- 
ral feature of intersecting brane models that greatly al- 
leviates the 77-problem in brane-antibrane inflation. We 
expect this to significantly reduce the fine-tuning of ge- 
ometrical parameters and initial conditions in stabilized 
compactifications, a topic we will explore in future work. 
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